The detonation of an improvised nuclear device would produce prompt radiation consisting of both photons (gamma rays) and neutrons. While much effort in recent years has gone into the development of radiation biodosimetry methods suitable for mass triage, the possible effect of neutrons on the endpoints studied has remained largely uninvestigated. We have used a novel neutron irradiator with an energy spectrum based on that 1-1.5 km from the epicenter of the Hiroshima blast to begin examining the effect of neutrons on global gene expression, and the impact this may have on the development of gene expression signatures for radiation biodosimetry. We have exposed peripheral blood from healthy human donors to 0.1, 0.3, 0.5 or 1 Gy of neutrons ex vivo using our neutron irradiator, and compared the transcriptomic response 24 h later to that resulting from sham exposure or exposure to 0.1, 0.3, 0.5, 1, 2 or 4 Gy of photons (X rays). We identified 125 genes that responded significantly to both radiation qualities as a function of dose, with the magnitude of response to neutrons generally being greater than that seen after X-ray exposure. Gene ontology analysis suggested broad involvement of the p53 signaling pathway and general DNA damage response functions across all doses of both radiation qualities. Regulation of immune response and chromatin-related functions were implicated only following the highest doses of neutrons, suggesting a physiological impact of greater DNA damage. We also identified several genes that seem to respond primarily as a function of dose, with less effect of radiation quality. We confirmed this pattern of response by quantitative real-time RT-PCR for BAX, TNFRSF10B, ITLN2 and AEN and suggest that gene expression may provide a means to differentiate between total dose and a neutron component. Ó 2017 by Radiation
INTRODUCTION
In the event of detonation of an improvised nuclear device (IND), very large numbers of people would receive radiation exposures and would need to be assessed for radiological injury. Many approaches are being developed to provide biological dosimetry suitable for radiological triage in such an event, including automation of cytogenetic assays, and newer assays based on gene expression or metabolomics. The majority of such assays have so far only been developed for photon biodosimetry, generally focusing on gamma-ray and X-ray exposures. The radiation from an IND detonation is expected to also have a neutron component, however, with an energy spectrum similar to that produced by the detonation of the gun-type 15 kT device exploded at Hiroshima (1). Current modeling predicts that the neutron contribution of a ground burst IND in an urban environment is likely to be much higher than that from the air burst at Hiroshima, with neutrons expected to contribute around 6-27% of the dose to bone marrow in the 0.75-4 Gy range (2) . This emphasizes the potential for significant neutron contribution to radiological injury. As neutrons have a high relative biological effectiveness compared to photons (3), it will be important to be able to detect and account for the neutron contribution to total dose to optimize radiological triage and appropriate injury treatment.
In order to study the impact of IND-spectrum neutrons on biodosimetry assays, we have recently developed a broadspectrum neutron irradiator at the Columbia University Radiological Research Accelerator Facility (RARAF) (4, 5) . This irradiator is capable of exposing cells, blood and small animals to neutrons with an energy spectrum mirroring that produced at 1-1.5 km from the epicenter in Hiroshima (4, 5) . This is a distance where many exposed survivors would be expected in the event of an IND detonation.
We are also developing new approaches to radiation biodosimetry, and we and others have previously shown that differential gene expression is a promising approach (6) (7) (8) (9) (10) (11) (12) . The signaling pathways leading from DNA damage to altered gene expression are complex, and can result in different gene expression profiles in response to different characteristics of a radiation exposure. For instance, gene expression profiles also show the potential to discriminate between acute exposures and more protracted low-dose-rate exposures (13) (14) (15) (16) , such as could occur from exposure to fallout after an IND detonation or exposure to radionuclides dispersed by a dirty bomb.
In the present study, we started by investigating the impact of neutrons on gene expression for application to biodosimetry. We have exposed peripheral blood from volunteer human donors ex vivo to either photons (X rays) or IND-spectrum neutrons using the RARAF source, and measured global gene expression 24 h later using wholegenome microarrays. In our initial biodosimetry studies, we found our IND-spectrum neutrons to have a relative biological effectiveness (RBE) of approximately 4 for induction of cytogenetic damage using the in vitro cytokinesis-block micronucleus assay (4). Basing our initial gene expression study on this finding, we began by comparing global gene expression 24 h after neutron doses of 0.25, 0.5 or 1 Gy or X-ray doses of 1, 2 or 4 Gy. In subsequent experiments, we added a 0.1 Gy neutron dose and matched X-ray doses from 0.1 to 1 Gy.
While we have found broad similarities in the response to these two radiation qualities at the level of genes modulated and biological processes implicated, there was a generally heightened response to neutrons compared with the same dose of X rays, consistent with the general observation of RBEs .1. However, we did identify some radiation responsive genes without an apparent RBE effect, suggesting that a gene expression approach combining genes with these different neutron-response patterns may provide a means of distinguishing high-LET exposure from total radiation dose.
METHODS

Blood Culture and Irradiation
All experiments involving human subjects were approved by the Columbia University Medical Center Institutional Review Board IRB no. 4 under protocol no. IRB-AAAF2671, and were conducted according to the principles expressed in the Declaration of Helsinki. Blood was collected from healthy volunteer donors (a total of 6 males and 6 females) into tubes containing sodium citrate. Neutron exposures used an accelerator-based irradiator that produces a neutron energy spectrum modeled on the Hiroshima spectrum 1-1.5 km from the epicenter and similar to that expected from an improvised nuclear device (4) . Four irradiation runs were performed, each with blood from three different donors. The first two runs used neutron doses of 0.25, 0.5 or 1 Gy and X-ray doses of 1, 2, or 4 Gy plus a sham-exposed control. The last two runs used doses of 0.1, 0.3, 0.5 or 1 Gy of either neutrons X-rays, plus a sham-exposed control.
For neutron irradiations, 6-18 blood samples were placed in adjacent positions on an eighteen position Ferris wheel rotating around the particle beam at an angle of 608 and a distance of 17.5 cm from the beam's impingement on a beryllium target. Blood tubes were placed in holders designed to provide isotropic exposures as the wheel rotates around the target at about half a revolution per minute. The tubes were turned end-to-end half-way through the exposure, to ensure an equal dose to the whole sample. When there were empty positions on the wheel, two tubes containing water blanks were placed at either end of the string of blood to ensure a uniform scatter dose. A total beam current of 18 lA was used, resulting in a neutron dose rate of 1.55 Gy/ h with an additional 0.33 Gy/h (21%) from to gamma rays. The dose rate was adjusted to deliver the 0.5 Gy dose in 10 rotations (20 min). Further details of the neutron spectrum (5) and dosimetry (4) have been published elsewhere.
X-ray irradiations were performed using a Westinghouse Coronado orthovoltage X-ray machine running at 250 kVp and 15 mA with 0.5 mm copper þ 1 mm aluminum filtration. X rays were delivered at a dose rate of 1.23 Gy/min, as determined using a Victoreen model 570 condenser R meter with a 250r chamber.
After irradiation, the blood samples were mixed with an equal volume of RPMI 1640 medium supplemented with 10% heat inactivated fetal bovine serum plus 100 U/ml penicillin and 100 lg/ ml streptomycin, and incubated in a humidified 378C incubator with 5% CO 2 for 24 h before RNA isolation.
Microarray Analysis
RNA was isolated using the PerfectPure RNA Kit (5 Prime Inc., Gaithersburg, MD), and globin transcript reduction was performed using GLOBINclear-Human Kit (Life Technologies, Grand Island, NY). RNA was quantified using the NanoDrop ND1000 (ThermoFisher, Waltham, MA) and RNA integrity was monitored with the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). For hybridization, 100 ng RNA from each sample was converted to cyanine-3 labeled cRNA using the One-Color Low Input Quick Amp Labeling Kit (Agilent Technologies), fragmented, hybridized to Agilent Whole Human Genome Microarrays v 2, 4344K (G4112F) and washed as previously described elsewhere (15) . The microarrays were scanned using the Agilent DNA Microarray Scanner (G2505B) and Agilent Feature Extraction Software (v 10.7) was used with default parameters for data extraction. The microarray data are available from the Gene Expression Omnibus (17) using accession number GSE90909.
Processed signal intensities were imported into BRB-ArayTools (v 4.3.2) (18), log2-transformed, median normalized and then filtered for significant expression and variation as described elsewhere (15) . BRBArrayTools class comparison analysis was used to identify differentially expressed genes with P , 0.001 using an F test (for comparisons of multiple groups) or random-variance t test (for comparisons of one dose vs. control). Benjamini and Hochberg false discovery rates were also calculated for each gene to allow controlling for false positives. Prism (GraphPad Software, San Diego, CA) was used for curve fitting and linearity testing for RBE comparisons.
Gene Ontology and Network Analyses
For each dose, the list of differentially expressed genes was analyzed using the functional annotation tool of the Database for Annotation Visualization and Integrated Discovery (DAVID; v 6.7). Gene ontology terms and biological functions with a Benjaminicorrected P value ,0.05 were considered significantly overrepresented within a gene list.
The lists of differentially expressed genes from each dose and their fold-change values were also imported into Ingenuityt Pathways Analysis (IPA) (http://www.ingenuity.com). The Ingenuity Upstream Regulator Analysis tool was used to predict potential upstream regulators that may be either activated or inhibited after irradiation based on the gene expression profile observed for each Xray and neutron dose. Regulators with a z-score 2 were considered to have a significant prediction of activation, and those with a z-score 2 to have a significant prediction of inhibition in response to radiation.
Quantitative Real-Time RT-PCR cDNA was prepared using the High-Capacity cDNA Archive Kit (Life Technologies), and real-time quantitative RT-PCR (qRT-PCR) was performed for selected genes using Taqman chemistry and the ABI 7900 Real Time PCR System as described previously (15) . Assays were purchased from Thermo Fisher for the following genes: BAX (Hs00180269_m1), TNFRSF10B (Hs00366278_m1), ITLN2 ( H s 0 0 3 6 5 6 1 4 _ m 1 ) , A E N ( H s 0 0 9 0 1 4 2 2 _ m 1 ) , V W C E (Hs00328069_m1), FDXR (Hs00244586_m1), PHLDA3 (Hs00385313_m1), EDA2R (Hs00939736_m1) and ACTB (Hs99999903_m1). The DDC T method was used to calculate expression relative to controls as described previously (19) , using normalization to ACTB expression.
RESULTS
Microarray Analysis
Global gene expression levels were measured in ex vivo irradiated donor blood samples 24 h after exposure to photons (X rays), or to IND-spectrum neutrons using Agilent whole-genome microarrays and a one-color workflow. Class comparison in BRB-ArrayTools was first used to identify genes significantly differentially expressed (P , 0.001 and FDR,5%) as a function of dose of neutrons (0.1-1 Gy) or X rays (0.1-4 Gy), yielding 201 neutron responsive genes and 325 X-ray responsive genes, with 125 genes responding to both (Supplementary Table S1 ; http:// dx.doi.org/10.1667/RR0004CC.1.S1). Comparison of induced expression levels relative to controls for these 125 genes showed a trend of greater response to neutrons than to the same dose of X rays (Fig. 1) . Class comparison was also used to identify significantly differentially expressed genes for each dose of neutrons or X rays individually (Supplementary Table S1 ). These results are summarized in Table 1 .
Gene Ontology Analysis
The Functional Annotation Tool of DAVID (20, 21) was used to find gene ontology (GO) terms significantly overrepresented among the differentially expressed genes at each dose of X rays or neutrons ( Fig. 2 and Supplementary  Table S2 ; http://dx.doi.org/10.1667/RR0004CC.1.S2). In all, 112 GO terms were identified as significant (Benjaminicorrected P value ,0.05), with those related to TP53 signaling and general DNA damage response showing the broadest representation across all tested doses of both radiation qualities, with the exception of 0.1 Gy X rays, for which no significant GO terms were found. Forty-six of the GO terms were only over-represented among genes significantly differentially expressed after the highest dose of neutrons tested (1 Gy) and these represented mainly immune response and chromatin-related functions.
Upstream Network Analysis
Upstream Regulator Analysis was performed in Ingenuity Pathways Analysis (IPA) to identify potential regulators of the gene expression patterns seen after different doses of X rays or neutrons (Fig. 3) . No upstream regulators were predicted to be significantly activated (z 2) or suppressed (z -2) after 0.1 Gy X rays, but all other doses yielded predictions of activity changes in multiple upstream regulators. TP53 showed the strongest prediction of activation across all doses, with the exception of the 0.1 Gy X-ray dose. SLC29A1, TP73 and TP63, were also broadly predicted to be activated, while AURKB scored the broadest prediction of suppression across the study.
Relative Biological Effectiveness of IND-Spectrum Neutrons
We used the microarray data from the 125 features that responded significantly to dose after both X rays and neutrons (Fig. 1) , to examine the neutron RBE for gene expression. In this context, we define RBE as the ratio of X-
FIG. 1.
Comparison of the fold-change in gene expression relative to controls after irradiation of blood to equal doses of X rays and neutrons. Points are plotted individually for each dose (pink, 0.1 Gy; purple, 0.3 Gy; blue, 0.5 Gy; green, 1 Gy) for each of the 125 genes that were significantly differentially expressed after both photon and neutron exposure. The dashed line indicates an identical response to both qualities of radiation (RBE ¼ 1) and the solid line is a linear fit to all data points (slope ¼ 1.8). ray dose compared to neutron dose required to produce the equivalent fold-change in gene expression (22 Gene ontology analysis of differentially expressed genes by dose. GO terms broadly represented across doses after both photon and neutron irradiations (panel A) were dominated by TP53 signaling and apoptosis functions. Similar functions were also seen among GO terms significant only at lower doses of both radiation qualities (panel B). Terms significant only at higher doses of both radiations (panel C) included NK-cell mediated immunity and glycoproteins. Categories that were only seen as significant after X-ray irradiation (panel D) included additional cell death and apoptosis and DNA repair functions, while those significant only after higher X-ray doses (panel E) included TNF and cell membrane functions, as well as additional apoptotic functions. GO terms that appeared as significant only after neutron exposure (panel F) were related to histones and the nucleosome. An additional 46 GO terms were enriched only among genes differentially expressed after 1 Gy neutrons (see Supplementary  Table S2; dose samples (0.1, 0.3, 0.5 and 1 Gy). BAX, TNFRSF10B, ITLN2 and AEN were selected to represent genes with RBE ' 1 and VWCE, FDXR, PHLDA3 and EDA2R were selected to represent those with RBE . 1. The dose-response patterns (Fig. 4) agreed well with those based on microarray measurements, and suggested that while most genes appear to respond more robustly to IND-spectrum neutrons than to X rays, some respond only as a function of dose, at least at doses of 1 Gy or less. Calculating RBEs for these genes using the qRT-PCR data produced values around 1 as predicted for BAX, TNFRSF10B, ITLN2 and AEN and higher values for VWCE, FDXR and PHLDA3, with intermediate values for EDA2R (Table 2) .
DISCUSSION
In this study, we have examined the novel transcriptomic response in human peripheral blood to neutrons with an energy spectrum that would be expected at a survivable distance from an IND. Unsurprisingly, many of the same genes respond to both X rays and neutrons, with a generally greater fold-change observed in response to neutrons compared with the same dose of X rays. Overall, we observed significant changes in expression of more genes after neutron exposure compared with X-ray exposure. However, this does not necessarily represent unique gene expression responses to neutron irradiation. Some of these genes may respond at times that were not captured in this experiment, or may require higher doses of X rays. The more profound biological damage inflicted on cells by neutrons could contribute to such differences in timing and dose-response relationships.
Gene ontology analysis of the significantly differentially expressed genes at each dose and radiation quality revealed changing patterns of biological response at increasing doses. Gene ontology analysis can provide insight into the biological ramifications of the transcriptomic responses to different exposures, by revealing the biological processes and pathways that are disproportionately represented among the responding genes. As in many radiation-response studies, we found that functions related to p53 pathway signaling and apoptosis were broadly over-represented across the doses tested for both X rays and neutrons. Many of these functions appeared to be significant either only at lower doses (Fig. 2B) or only after X-ray exposure ( Fig. 2D  and E) . This does not mean that genes in these pathways and biological functions were not differentially expressed after the higher doses, however, but is likely to be a reflection of the way significance is calculated. As larger numbers of genes are differentially expressed at higher doses, particularly for neutrons (Table 1 ), the number of responding genes that participate in specific sub-processes no longer represents a significantly disproportionate percentage of the total number of responding genes.
Additional biological processes were implicated in the transcriptional response to the higher doses of neutrons, suggesting a damage threshold for their response that was exceeded by a 1 Gy dose of neutrons but not by a 4 Gy dose of X rays and reflecting the larger number of genes involved in the neutron response. These processes were almost exclusively involved in either chromatin function or immune response. Interestingly, immune and inflammatory response genes represent a major component of the human radiationresponse in vivo, but are infrequently seen to be responsive in radiation studies using ex vivo models (7, 9, 19) . The significant involvement of immune functions in the transcriptional response to 1 Gy neutron ex vivo irradiation may suggest a higher damage threshold for the response of these genes in blood exposed in culture, rather than an absolute dependence on signaling from damaged non-blood tissues to elicit a response. In this case, the response of genes in these pathways may show a heightened sensitivity in vivo to lower doses of neutrons, implying the possibility that neutrons may have a disproportionately large impact on immune function and inflammatory response in comparison to photon exposure.
Altered expression of histone genes and other genes involved with chromatin structure and function has also been reported in response to radiation exposure, including experiments using high-LET radiation (23) . Similar to the pattern seen for immune responses, ''chromatin packaging and remodeling'' was found to be a significantly overrepresented biological process among genes responding in patients who were undergoing 3.75 Gy total-body irradiation, but not in ex vivo irradiated human blood (9) .
In contrast to the results of our gene ontology analysis, the pattern of IPA-predicted upstream regulatory factors was very similar for X rays and neutrons (Fig. 3) . Consistent with the finding that activation of p53 pathway signaling dominated the gene ontology results, TP53 was also the upstream regulatory factor most strongly predicted to be activated by both X rays and neutrons. The predominance of p53 activation is a long-standing theme in the study of gene expression responses to ionizing radiation, in cell lines (24, 25) , in animals (13, 26) and in human blood exposed ex vivo (8, 27, 28) or in vivo (9, 29) . Other regulatory factors predicted by our IPA analysis to be upstream of the observed gene expression changes are also known mediators of radiation response. This includes regulatory factors predicted to be activated, such as TGFB1 (30), BRCA1 (31), ATF3 (32), p38 MAPK, JNK and TNF (33) , as well as factors predicted to be suppressed, such as STAT5B (34) and AURKB (35) .
Initially in this study, we compared global gene expression at 24 h after sham exposure, 0.25, 0.5 or 1 Gy neutron doses vs. 24 h after 1, 2 or 4 Gy X-ray does. This experiment structure was based on our earlier finding of an RBE of around 4 for the induction of cytogenetic damage using the same neutron source (4). We subsequently extended the dose range of our experiment, to include a 0.1 Gy neutron dose and the lower X-ray doses. As neutrons would only make up a small percentage of the total dose received, for biodosimetry purposes the relative response of gene expression to low-dose neutron exposure would be more important to understand than the response to doses greater than 1 Gy. Although we found that neutrons did produce generally larger changes from control gene expression levels than those seen after the same X-ray dose, the extent of the enhanced response to neutrons varied both by dose and by gene. When we plotted the neutron response ratio vs. the X-ray response ratio at the same dose for all significantly dose-responsive genes (Fig. 1) , a line fitted to all points had a slope of 1.8, suggesting an overall RBE for gene expression closer to 2 than to 4.
Of all the genes for which we validated expression using qRT-PCR, PHLDA3 and VWCE showed the most consistently elevated RBE at all doses examined up to 1 Gy (Table  2) , a little over 2 for PHLDA3 and a little over 3 for VWCE. Within the ,1 Gy dose range, we also confirmed the apparent lack of RBE for several other genes: BAX, TNFRSF10B, ITLN2 and AEN. This finding was consistent with the predicted RBEs calculated from the microarray data within this low-dose range. It should be noted that using the microarray data for X-ray irradiation up to 4 Gy, even these genes showed RBE values greater than 1 at the higher doses (see the ''Common'' tab in Supplementary  Table S1 ; http://dx.doi.org/10.1667/RR0005CC.1.S1).
Among the RBE values calculated from the microarray data we generally found higher RBEs at the higher doses (Supplementary Table S1 ; http://dx.doi.org/10.1667/ RR0005CC.1.S1). This is in contrast to the pattern generally seen for cytogenetic endpoints, where the RBE is generally higher at lower doses (4) . The pattern of RBE with dose reflects the difference in the shapes of the dose-response curves for gene expression and chromosome aberrations. Dose-response curves for endpoints requiring multiple chromosome breaks, such as translocations or micronucleus formation, tend to be linear with dose for high-LET radiations and linear quadratic for X rays (22) . In contrast, gene expression changes are regulated by signal transduction pathways, rather than resulting from direct DNA damage. For most genes, this produces generally lineardose-response curves, with a tendency to flatten at higher doses where signaling saturates. We observed this pattern in many genes in this study for both X-ray and neutron exposures (Fig. 4) . In this study, we focused mainly on the lower part of the neutron dose-response curve, as neutron doses in excess of 1 Gy are likely to be less relevant to radiological triage following an IND.
In this study, we examined the global gene expression response of human peripheral blood to neutrons with an energy spectrum relevant to exposures from an IND. The dose-dependent patterns of gene expression in response to different radiation quality may represent a valuable means to estimate both total dose and radiological injury, while also distinguishing the neutron component of an exposure after an IND event. Genes with a neutron RBE close to 1 (such as BAX and AEN) could be useful for establishing overall radiation dose irrespective of radiation quality. The inclusion in biodosimetric signatures of genes with a highneutron RBE (such as VWCE and PHLDA3) could be used to distinguish a neutron component, which may indicate greater radiological injury. Discordance between separate dose estimates made using these two groups of genes would provide an indicator that a neutron component was involved in the exposure. Further studies are warranted to establish if gene expression can be used to estimate the percentage of the neutron component in mixed neutron-photon exposures.
